Mechanisms for the surface· induced magnetizations in liquid 'He confined in restricted geometries are studied. Pressure dependence of the effective Curie constants in the observed Curie·Weiss·law·like susceptibilities is well understood within a simple model including par· amagnon effects in liquid 'He. The observed magnetization can be regarded as a giant magnetic moment due to the paramagnon effects in liquid 'He induced by localized spins in the solid 'He layer adsorbed on surfaces of substrates of the sample cell. § 1.
Recent experiments have shown that the magnetic susceptibility of liquid 3He confined in restricted geometries has an excess part which obeys a Curie-Weiss law at temperatures in mK region. 1)-4) The pressure dependence and the magnetic field dependence of the excess part have also been studied.
More recently, Hata et al. 5) have done similar experiments by using mixtures of solid and liquid 3He confined in a cell ,of sintered silver which seem to give important information about the surface-induced magnetism. They observed that the excess susceptibility manifests the Curie-Weiss law behavior with a Curie constant which shows considerable pressure dependence and is reduced significantly when the liquid fraction of the mixture in the cell is less than a certain value. They also observed that for liquid 3He confined in a similar restricted geometry the Curie constant has a significant pressure dependence at lower temperatures but does not at higher temperatures than 1.5 mK. It seems to suggest that two different mechanisms for the magnetism work predominantly in the two different regions of temperatures. Several theoretical studies on mechanisms for the surface-induced magnetism of liquid 3He confined in such restricted geometry have been made from various points of view. 6 )-12) The present authors have done a critical study 13) on effective exchange interactions among 3He atoms in solid layers adsorbed on to other solid's surface mediated by 3He atoms in the remaining bulk liquid with use of a simple model, and found that the RKKY-type exchange interaction is very likely to be dominant in real systems, and to be the origin for the surface-induced ferromagnetism observed in experiments.
In present paper, we show that the temperature and pressure dependences of 5 ) at extremely low temperatures of mK range are well understood within the simple model used in our previous study13) by including paramagnon effects of liquid 3Re. The observed magnetization can be regarded as a giant magnetic moment*) in the liquid 3Re induced by the spins in the solid 3Re layer due to the paramagnon effects.
In § 2 we obtain an analytic expression for magnetic susceptibility of liquid 3Re confined in a restricted geometry including paramagnon effects by using the simple model taken in our previous study. In § 3 we calculate the magnetization in the liquid 3Re induced by the spins in the solid 3Re layer. Summary and discussion are given in § 4. § 2. Dynamical susceptibility of a system in a restricted geometry
In order to calculate the magnetization in the liquid 3Re induced by the localized spins in the solid 3Re boundary layers, we first study the dynamical susceptibility of the liquid in the ladder approximation:
where I is the strength of th~ contact interaction between the 3Re atoms in the liquid, Xo is the susceptibility of the non-interacting system, and (j) is the frequency of the external perturbation applied at r'. In this section, we use a unit where gJ.LN=1 (g is the g-factor and J1.N the nuclear magneton).
In order to solve (2'1) explicitly, we apply the same model as taken in Ref. 13) , where the 3Re liquid is bounded by an infinite flat surface of a substrate which exerts an attractive potential of the form, U( r)= -UoJ(z), on 3Re atoms in the liquid. We take the z-axis along the normal to the surface of the substrate, and denote the projection of a position vector r and a wave vector k onto the surface by r ll and kll' respectively. Using the wave functions for the non-interacting system obtained in Ref. 13 ), we can write Xo as (2·2) with *l Giant magnetic moments induced around magnetic impurities in metals were studied theo· retically in Refs. 14) and 15).
(2·3)
where A is the area of the surface, L is the length of the system along the z-axis, Ck is the single-particle energy, Ck =k 2 /2m (h=l), nk is the Fermi distribution function independent of spin, kz is the z component of k, and a = mUo.
Since the system has the translational symmetry within planes parallel to the surface, Xo is written in a form (2·4) with where o(k) stands for the Kronecker delta. By the use of (2·4), (2·1) is rewritten as
In order to solve (2·7) self-consistently, we introduce a function,
and rewrite (2·7) with use of (2·5) as
Combining (2·9) and (2·8), we obtain a set of integral equations for K kk< 
In above, for typographical simplicity, we have omitted the subscripts z of the arguments of delta functions, and under the assumption of (kz/a )~1, we have neglected the corrections higher than the second order in power of (kz/ a).
We also introduce the following quantities to rewrite (2 ·10) for Q z ~ 0 :
and MlO and M20 defined similarly by the r. h. s. of (2·12) in which the factors Kk'k are replaced by 9'k'(Z')9'k(Z'). Then, (2·10) is recast as
where the last term of delta-functions is added to avoid the double-counting of terms with Qz=O, and Q=LA, the volume of the system. Combining (2·13) and (2 ·12) yields a set of coupled equations:
where, for simplicity, we have omitted the arguments of each quantity, and
In deriving (2·14), we have negl~cted terms including factors like o(kz-kz' -Q z )0 (kz + kz' -Q z'), which are due to the absence of the translational symmetry of the system along the z-direction, and smaller than the terms retained in (2·14) because of the additional restriction of the phase space for the integrations over k and k' _ The solutions of (2 ·14) are given by In the present section, we calculate a total magnetization induced in the liquid 3He by a spin Si of a 3He atom localized at site i in the solid 3He adsorbed layer via 3He-3 He exchange interaction. In our previous study/3) we investigated the effective exchange interactions among the localized spins in the solid layers mediated by the spin-polarization of the bulk liquid, and have shown that the Curie-Weiss behavior of the system at extremely low temperatures is well-understood within such a model. In the present study, using the same model as used in Ref. 13 ), we calculate the total spin-polarization induced in the bulk liquid itself.
The static magnetization density induced in the liquid at r, m( r), is expressed in terms of x( r, r'; 0) studied in the previous section as
where Vo is the strength of the contact interaction between localized and liquid atoms, and w(r-Ri) is the wave function of the atom localized at Ri in the solid layer, which is orthogonal to ¢k(r) in (2·3), and given by (3·2) with the width parameter /3. By integrating (3'1) over r, we obtain a total magnetization, M, induced by a localized spin as (3'3) where Mo is the magnetization without the paramagnon effect. Carrying out the integration with respect to r' in (3·3), we find a factor as where
Mo=2gJ1.N(h/2a)2VoN(0)/3 and x=(I-IN(O»/IN(O) (see Appendix B).
The enhancement factor M/Mo as a function of x is plotted in Fig. 1 , where we observe giant magnetic moments for
x;SO.1. Here we note that the terms in (3·6) other than x-1 +1 are the corrections due to the boundary effect or, in other words, result from the terms with Qz = 2kz in (3·4) which reflect the absence of the translational symmetry of the system along the z-direction.
In the present study, we have neglected the weak temperature dependence of the dynamical susceptibility, and ascribed the temperature dependence of the induced magnetization to that of the localized moments. Properties of interactions among the localized moments were already studied in our previous paper,13) where it was noted that the paramagnon effect in bulk liquid enhances ferromagnetic tendency of such interactions. As a matter of fact, such role of the paramagnon effects is originated from the giant magnetic moments studied in this section. § 
Summary and discussion
In order to calculate the magnetization induced in bulk liquid 3He by a spin in the solid 3He layer adsorbed on a flat surface of a certain substrate, we first obtained a general expression for the dynamical magnetic susceptibility of the liquid including the paramagnon effect by using a simple model taken in our previous study.13) Next, we calculated the induced magnetization with the susceptibility obtained above by assuming a contact interaction between the adsorbed and the liquid atoms. We have found a giant magnetic moment enhanced by the paramagnon effect.
The spatial extension of the induced magnetization in the z-direction is estimated to be about 10 A by taking 0.1 as x (see Appendix C). This fact suggests that the induced magnetization is reduced when an enough amount of liquid is not available. Such effect seems to have been observed in the experiments of Ref. 5) with the samples inculding 93% solid fraction. In those experiments, the critical thickness of bulk liquid 3He is estimated to be about 20 A, which is the right order of magnitude as suggested in above. The pressure dependence of the excess susceptibility or the magnetization has also been studied in several experiments. Those experiments show that the effective Curie constants are increasing functions of pressure. For example, the data of Ahonen et al.l) show that the Curie constants are enhanced by a factor of 1. 7 by changing the pressure from 6 bar to 28 bar. In our result, the pressure dependence of the magnetization appears mainly through that of x. If we assume x~O.1 at zero-pressure which is the value of bulk liquid 3He at 0 bar, then we have to take x~0.05 in (3·6) at 30 bar in order to explain the enhancement of the Curie constant by a factor of about 2. This value of x again corresponds to that of bulk liquid 3He at 30 bar estimated by the relation of x = (1 + Zo/ 4)/ ( m* / m -1 -Zo/4 ). 16) Here m* / m is the ratio of the effective mass to the bare mass, and Zo is the Landau parameter.
We have so far discussed the magnetization in the bulk liquid induced by the localized moments of the adsorbed atoms. On the other hand, there is a possibility that the susceptibility of the bulk liquid itself shows a Curie-Weiss-law-Iike behavior, even if there is no localized moment. This is an analogy to the CurieWeiss-law-like behavior due to the spin fluctuation in the nearly ferromagnetic metals studied first by Murata and Doniach l7 ) with use of the mode-mode coupling theory and later more definitely by Moriya and Kawabata 18) with use of a selfconsistent theory to include the effects of the spin-fluctuation. This Curie-Weisslaw-like susceptibility has a peculiarity that the effective Curie constants are rather insensitive to the parameters involved in the theory or, in other words, are independent of pressure.
The Curie-Weiss-Iaw-like behavior of the susceptibility of the samples including no solid fraction in Ref. 5) at temperatures higher than 1.5mK seems to suggest such a tendency, while at lower temperatures the effective Curie constant exhibits pressure-dependence, i. e., an increase by a factor of about 2.5 by changing the pressure from 1.2 bar to 29.5 bar. The latter case seems to be explained by the giant magnetic moment as discussed above. Therefore, we note that the two different mechanisms for the magnetism might play dominant roles in the two different regions of temperatures.
In order to discuss such a problem more definitely, we have to apply Moriya and Kawabata's theoryl8) explicitly to the system of liquid 3He confined in the restricted geometory, where high density liquid is thought to accumulate in the vicinity of the surface of the substrate, and may form high density layers. 6 ), 10) We suspect that such high density liquid layers may play an important role for the magnetism. Such study is now in progress, and will be reported separately. where we have neglected the contribution from Xo. In the following calculations, we simply set fPk(z)=l2!Lsin(kzz) because the correction due to the phase shift is small. Executing the integrations over k and k', and putting Qz=2kFx, we rewrite (C'2) as 
